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 The coacervation of elastin and its derivatives share 
commonalities with other protein aggregation events. 
Secondary conformations play a critical role in protein 
aggregation, with most aggregation events accompanied 
by structural rearrangements that stabilize the β-sheet 
conformation. [ 12 ]  The coacervates of elastin-like poly-
peptides (ELPs) are likewise usually associated with con-
formational changes that include an increased β-sheet 
content, common to other protein aggregates that form 
amyloid protein fi brils consisting of misfolded cross-β 
sheet structures. [ 12,13 ]  Given that the nuances of protein 
aggregation can potentially interfere with the targeted 
properties of a protein, understanding and controlling 
the aggregation or phase separation of polypeptides 
hold signifi cant implications in protein engineering 
applications. [ 12,14,15 ]  

 Among all the external factors, modulating the temper-
ature of a protein solution is the most common strategy 
for inducing protein aggregation. Increasing temperature 
enhances hydrophobic interactions, increases diffusion of 
proteins, and boosts the frequency of intermolecular col-
lisions, leading to accelerated formation of aggregates. [ 16 ]  
Other factors are commonly employed as well; for 
example, pH can also impact the rate of protein aggrega-
tion owing to changes in the surface charges on proteins, 
which not only affect intramolecular folding interactions 
but also intermolecular protein–protein interactions. 

 Temperature-triggered phase separation of recombinant proteins has offered substantial 
opportunities in the design of nanoparticles for a variety of applications. Herein, the temper-
ature-triggered phase separation behavior of a recombinant hydrophilic resilin-like polypep-
tide (RLP) is described. The transition temperature and sizes of RLP-based nanoparticles can 
be modulated based on variations in polypeptide concentra-
tion, salt identity, ionic strength, pH, and denaturing agents, 
as indicated via UV–Vis spectroscopy and dynamic light scat-
tering (DLS). The irreversible particle formation is coupled 
with secondary conformational changes from a random coil 
conformation to a more ordered β-sheet structure. These 
RLP-based nanoparticles could fi nd potential use as mechan-
ically-responsive components in drug delivery, nanospring, 
nanotransducer, and biosensor applications.    
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  1.     Introduction 

 Proteins that respond to biologically relevant factors by 
altering their conformation or mechanical properties have 
emerged as a class of intelligent biomaterials for drug 
delivery and regenerative medicine. [ 1–4 ]  In particular, poly-
peptides based on elastin and its derivatives, which com-
prise the repetitive consensus sequence of tropoelastin (the 
VPGVG pentapeptide), show an inverse transition tempera-
ture at which the polypeptides aggregate to form a dense 
coacervate. [ 5–7 ]  This transition is reversible and the transi-
tion temperature can be modulated via changing hydropho-
bicity, polypeptide length, protein concentration, molecular 
architecture, temperature, salt, ionic strength, and pH; this 
versatility has permitted the engineering and targeting of 
desired biofunctions for biomedical applications. [ 5,8–11 ]  
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Similar to pH, ionic strength is another key solution 
condition to potentially modulate protein association/
aggregation. [ 17,18 ]  Both positive and negative ions are 
able to interact electrostatically with proteins, leading 
to altered charge–charge interactions and transformed 
secondary conformational states that may result in vari-
ations in aggregation behavior. [ 14,15 ]  

 A variety of proteins are subject to this conforma-
tional and coacervation behavior. Resilin, an elastomeric 
insect structural protein found in the specialized com-
partments of most arthropods, has been recognized for 
its outstanding mechanical elasticity that is shown to 
participate heavily in insects’ daily activities such as 
jumping fl eas, fl ying dragonfl ies, and producing sound 
cicadas. [ 19,20 ]  Recently, recombinant RLPs have gained 
tremendous attention as potential biomaterial substi-
tutes for a variety of mechanically demanding tissue 
engineering applications, as the polypeptides capture 
the mechanical properties of the native protein. [ 20–28 ]  
Although there has been signifi cant focus on the out-
standing mechanical properties of emerging RLPs, there 
have been limited reports detailing the interesting 
thermal behavior of this novel elastomeric protein. [ 29–31 ]  
Rec1-resilin, which comprises the sequence derived from 
the fi rst exon of the  Drosophila melanogaster  gene, has 
shown pH-and temperature-responsive behavior, exhib-
iting dual phase-transition behavior characterized by 
both lower (LCST) and upper critical solution tempera-
tures (UCST). [ 32,33 ]  

 Here, we characterize the nanoparticle formation 
and investigate the temperature triggered phase-tran-
sition behavior of a novel RLP containing 12-repeats of 
a modifi ed 15-amino-acid consensus motif from the 
 D. melanogaster  CG15920 gene (in which tyrosines (Y) 
were replaced with phenylalanine (F) and methionine 
(M) to provide options for future chemical modifi ca-
tion), [ 20,34 ]  which comprises a high content of hydrophilic 
and charged amino acids. [ 21,23,34,35 ]  UV–Vis spectroscopy 
and DLS were employed to characterize phase transi-
tion temperatures and nanoparticle size based upon the 
use of various salts, ionic strength, pH, and denaturing 
agents. The irreversible particle formation process is 
coupled with heat-associated secondary conformational 
changes characterized via circular dichroic (CD) and FTIR 
and the morphology of the nanoparticles was character-
ized via TEM.  

  2.     Results and Discussion 

 The phase transition temperature for this protein was 
quantifi ed by monitoring the absorbance of RLP solutions 
in fi ltered solvent at 350 nm as a function of temperature 
(Figure  1  and Figure S1a, Supporting Information). The 

absorbance for the RLP in phosphate buffered saline (PBS) 
displays a transition at 64 °C (determined as the infl ection 
in the absorbance spectrum), indicating the aggregation 
of the RLP. Interestingly, this phase transition is irre-
versible and the polypeptide remains in an aggregated 
state even after cooling to 20 °C (Figure  1 a). The transi-
tion temperature is also concentration dependent, and 
with an increase in RLP concentration (to 16 mg mL –1 ), 
the transition temperature decreases to 58 °C (Figure S1b, 
Supporting Information). The RLP exhibited a lower 
transition temperature in DI water compared with PBS 
(Figure  1 b), which is likely due to the association of the 
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 Figure 1.     Turbidity measurements for RLP solutions as a function 
of temperature.  Turbidity profi les were obtained by monitoring 
optical density via UV–Vis at 350 nm as the solution was heated 
at a constant rate of 1 °C min –1  from 20 °C to 90 °C. a) Turbidity 
profi le of heating and cooling at 8 mg mL –1  RLP solution at 
pH 7.4 in PBS; b) turbidity profi le of 8 mg mL –1  RLP in DI water and 
PBS. Error bars represent the standard deviation of a minimum 
of three replicates.
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salt anions in PBS with the charged residues of the RLP 
facilitating the overall protein solubility. In pure water, 
without the ion paring effect, the RLP becomes less sol-
uble and phase separates at a lower temperature. 

  The temperature-dependent phase transition behavior 
was further confi rmed via DLS by monitoring the change 
of particle size in PBS over a range of temperatures. A 
drastic increase in diameter (shown in Figure  2 a), from 
roughly 8 nm to over 100 nm, occurs once the tempera-
ture reaches 65 °C, confi rming the formation of nano-
particles. RLP-based nanoparticles continue to increase 
in size with the increase of temperature from 65 °C to 
80 °C (Figure S3, Supporting Information). Figure  2 b 
illustrates that the hydrodynamic radius of the nanopar-
ticles increases with RLP concentration between 1 and 
16 mg mL –1 . The transition temperatures for solutions 
with various RLP concentrations (taken at the point at 
which the hydrodynamic radius shows a drastic increase) 
are summarized in Figure  2 c, with an increase of protein 
concentration correlating with a lower transition tem-
perature. This characteristic concentration dependence is 
consistent with that observed for ELPs and silk-like poly-
peptides (SLPs) yet in contrast to those of vinyl polymers 
(e.g., pNIPAM) whose thermoresponsiveness is generally 
independent of polymer concentration because of the 
dehydration-associated hydrophobic collapse. [ 36–39 ]  

  Temperature-independent, post-formulation stability 
of protein-based materials and drugs hold signifi cant 
importance in drug delivery applications. In order to 
probe the stability of the RLP nanoparticles, the hydro-
dynamic radius of the particles was monitored via DLS 
upon cooling. The turbidity of heated RLP solutions was 
measured via UV–Vis at multiple time-points for a month 
after heating. The particle size remains constant during 
cooling process (Figure S4a, Supporting Information) and 
the absorbance at both 25 °C and 37 °C (Figure S4b, Sup-
porting Information) remains high, suggesting the sta-
bility of particles for short (an hour) and long (at least a 
month) timescales. This stability was independent of the 
presence of various salts, changes in ionic strength, and 
pH (see below). 

 Although conducted at signifi cantly lower concentra-
tions than the DLS and UV–Vis experiments, circular 
dichroism (CD) spectroscopy provided a simple method 
for monitoring conformational transitions of the RLP. In 
general, the CD spectra exhibited a strong minimum near 
195 nm indicative of random coil conformation and a 
minor positive feature near 213 nm indicative of β-turn 
structure (Figure S5a, Supporting Information). With an 
increase in temperature to 80 °C, the negative minimum 
at 195 nm progressively decreased in intensity, with the 
concomitant appearance of a negative peak suggested 
at ca. 220 nm, suggesting the conformational change 
from a random coil to β-sheet (Figure S5a, Supporting 
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 Figure 2.     DLS measurements of transition temperatures of 
RLPs at pH 7.4 in PBS at various polypeptide concentrations.  
a) Percentage of number average of 8 mg mL –1  RLP solution 
incubated for 2 min at fi ve distinct temperatures; b) hydrody-
namic radius measurements of RLP solutions at various pro-
tein concentrations heated at a constant rate of 1 °C min –1  
from 20 °C to 85 °C; c) summary of transition temperatures 
of RLP solutions at various protein concentrations. Error 
bars represent the standard deviation of a minimum of three 
replicates.
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Information). Given the low concentrations required for 
CD spectroscopy, Fourier transform infrared (FTIR) spec-
troscopy was also employed to investigate the conforma-
tion of the RLP solutions and nanoparticles in D 2 O before 
and after heating, respectively (Figure S5b, Supporting 
Information). The spectrum of the unheated RLP solution 
shows a main Amide I peak centered at 1640 cm −1 , indica-
tive of random coil secondary structure. After heating to 
85 °C, the peak shifts to 1625 cm −1 , suggesting the forma-
tion of β-sheet structures. The change in the conforma-
tion of the RLP that occurs concomitant with aggregation 
shares similarities with other recombinant structural pol-
ypeptides such as ELPs and silk-elastin-like polypeptides 
(SELPs) where the process of aggregation is coupled with 
secondary conformational changes (e.g., from random coil 
to β-turn and/or β-sheet). [ 13,38,40 ]  The behavior of the poly-
peptides is in marked contrast to the LCST-driven aggre-
gation of thermoresponsive vinyl polymers that occur via 
dehydration of the amide groups and hydrophobic col-
lapse without the formation of any specifi c secondary or 
tertiary structures. [ 40–42 ]   

 In many clinical applications, proteins are mixed 
with not only water but also various cosolutes that 
may interfere with the aggregation process by 
binding to the proteins or substantially changing 
the surrounding water structure. [ 14,15 ]  As a result 
of these factors, the addition of Hofmeister anions 
(SO 4  2− >S 2 O 3  2− >F − >Cl − >Br − >NO 3  − >I − >ClO 4  − >SCN − ) has been 
reported to impact the transition temperatures for a wide 
range of globular proteins, recombinant elastomeric poly-
peptides, as well as vinyl polymers. [ 43–46 ]  

 The impact of anions on the phase transition tempera-
ture of RLP was measured in the presence of different ionic 
strengths of NaCl (in water) and then also tested with sev-
eral salts selected from the Hofmeister series at a given 
salt concentration. The hydrodynamic radius is plotted 
as a function of temperature in Figure  3 a. RLPs under 
these ionic strengths exhibited a similar trend in particle 
size as that shown in Figure  2 b, with a sharp increase in 
particle size at the phase transition temperature. The 
addition of NaCl to RLP in DI water resulted an increase 
in the phase transition temperature from 40 °C (H 2 0) to 
50 °C (100 m M ), which plateaued at 54 °C for a solution 
containing 500 m M  NaCl. This is in stark contrast to what 
has been observed for different ELPs and other hydro-
phobic proteins or vinyl polymers in general, where the 
addition of NaCl causes a signifi cant reduction in phase 
transition temperature due to the disruption of surface 
hydrophobic hydration layers. [ 41,42,47 ]  In addition, the data 
show a clear disparity in aggregation for RLPs in salt-
containing versus water solutions, which is likely due 
to ion paring that occurs upon the addition of salts. The 
ion-pairing shields charged residues and may thus affect 
both the electrostatic and hydrophobic interactions of the 

chain. These affects apparently induce, in solutions con-
taining NaCl, additional and more rapid aggregation after 
the initial transition than in water. Figure  3 b summarizes 
the hydrodynamic radius as a function of temperature 
in the presence of other Hofmeister salts and shows that 
the phase transition temperature of the RLP solution is 
altered depending on the identity of the salt, consistent 
with the expected behavior of the Hofmeister series 
at these high salt concentrations (e.g., SO 4  2−  decreases 
the transition temperature while ions such as Br −  and 
I −  increase the transition temperature). The fact that the 
solubility of the RLP initially increases upon the addition 
of salt, but at high salt concentrations (>500 m M ) follows 
the Hofmeister series, suggests a two-step interaction in 
which an initial solubilizing interaction of ions with the 
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 Figure 3.     Hydrodynamic radius profi les of RLP solutions as a 
function of temperature under different buffer conditions.  All 
solutions were analyzed at RLP concentrations of 8 mg mL –1  and 
heated at 1 °C min –1  from 20 °C to 85 °C. a) RLP solution with NaCl 
concentrations at 0, 0.1, 0.25, 0.5, to 1  M ; b) RLP at 500 m M  concen-
tration of various salts.
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charged moieties on the RLP is followed by protein/water 
interfacial depletion modulated by the identity of the ion. 
While these observations are in contrast to nonionic poly-
mers and ELPs, they are consistent with those reported 
for ELPs containing carboxylate side residues. [ 42,43,48,49 ]  

  The phase transition behavior of the RLP is also sensi-
tive to pH, with RLP solutions at pH 5 displaying the lowest 
transition temperature (40 °C) compared with those of 
RLP solutions at pH 7.4 (60 °C) or pH 10 (65 °C) (Figure S6, 
Supporting Information). This phenomenon is consistent 
with the isoelectric point of the RLP (pI = 5.2) as indicated 
via isoelectric focusing gel electrophoresis (Figure S7, Sup-
porting Information) and consistent with the reported pI 
of Rec1-resilin (pI = 4.8). [ 32 ]  The discrepancy between the 
experimentally determined pI and theoretically predicted 
pI (≈10.5) is likely due to the conformational complexity 
of RLP in solution where the proximity of the charged 
groups alters their pKa. 

 Denaturants such as urea or sodium dodecyl sulfate 
(SDS) are routinely used to modulate the phase transi-
tion behavior of proteins/polypeptides, [ 50 ]  and were 
employed with RLP solutions (Figure S8, Supporting Infor-
mation). The RLP phase transition is sensitive to the addi-
tion of urea (Figure S8a, Supporting Information), with 
an increase in urea concentration (0.25  M  to 1  M ) causing 
an increase in the transition temperature from 55 °C to 
70 °C, suggesting a role of hydrogen bonding in the aggre-
gation process. [ 51–53 ]  The addition of 0.1  M  SDS (Figure S8a, 
Supporting Information) results an apparent disappear-
ance of the phase transition even at temperatures of up to 
85 °C, clearly indicating hydrophobic interactions as a key 
driving force for RLP aggregation and nanoparticle forma-
tion. Furthermore, preformed RLP nanoparticles can be 
completely resolubilized by treatment with 100 m M  SDS, 
although not by treatment with even high concentra-
tions of urea (1  M ) (Figure S8b, Supporting Information). 
These general observations are consistent with, although 
more pronounced than, trends observed for ELPs. [ 40,50,54 ]  

 Characterization, via TEM, of the RLP nanoparticles at 
various temperatures shows that the nanoparticles are 

uniform, with sizes ranging from 20 to 30 nm in diam-
eter (below the transition temperature, Figure  4 a and  4 b) 
to 135 ± 15 nm (65 °C) (Figure  4 c) to 370 ± 55 nm (85 °C)
(Figure  4 d), mainly consistent with the DLS analysis. This 
thermally driven evolution of RLP particle size increment 
is consistent with what has been observed for Rec1-resilin 
and diblock ELP-based micelles that show a second-step 
of aggregation at higher temperatures. [ 32,55 ]  

    3.     Conclusions 

 The sensitivity of RLP aggregation into nanoparticles 
upon heating and the responsiveness of the transition to 
solution conditions such as salt identity, ionic strength, 
pH, and denaturant, suggests that the thermally induced 
aggregation is coupled with protein conformational 
changes, which are suggested to be β-sheet containing 
structures based on the CD and FTIR data. The conforma-
tional rearrangement together with protein dehydration 
leads to hydrophobic–hydrophobic association, which 
eventually facilitates protein aggregation into insoluble 
clusters and nanoparticle formation. Despite the similari-
ties of the temperature-induced aggregation of this RLP to 
the behavior observed for Rec1-resilin, the transition was 
not as reversible as that for Rec1-resilin and the UCST-
type behavior observed for Rec1-resilin was not observed 
for the RLP reported here, likely owing to the greater 
hydrophobicity of the Rec1-resilin compared with the RLP. 
In addition, the increased solubility observed for the RLPs 
upon the addition of salt is opposite to observed trends in 
most ELPs, owing to the presence of ionized amino acid 
residues in our reported RLP. 

 The differences in the phase transition behaviors 
between these RLPs and that of ELPs illustrates poten-
tial opportunities for engineering polypeptide aggrega-
tion phenomenon via systematic modifi cation of protein 
sequences. Specifi c ion-pairing mechanisms may have 
important biotechnological implications for the design of 
thermostable proteins by the construction of ion-pairing 
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 Figure 4.     Representative TEM images of RLP-based nanoparticles formed at various temperatures.  Images were taken for 8 mg mL –1  solu-
tions of RLP (stained with PTA (phosphotungstic acid)), after incubation at a) 25 °C b) 50 °C, c) 65 °C, and d) 85 °C.
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sites on the surface of engineered proteins. The unique 
thermal responsiveness could enable the RLP to function 
as a stimuli-responsive biomaterial as well as to form con-
trolled and uniform nanoparticles with potential appli-
cation in drug delivery and biosensors. The composition 
of these RLPs could also offer signifi cant versatility for 
engineering the phase transition behavior by tuning the 
charge distribution on the polypeptide, the percentage of 
hydrophobic residues, as well as the identity of the salt 
employed.  
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